Secondary organic aerosol (SOA) constitutes a substantial fraction of fine particulate matter and has important impacts on climate and human health. The extent to which human activities alter SOA formation from biogenic emissions in the atmosphere is largely undetermined. Here, we present direct observational evidence on the magnitude of anthropogenic influence on biogenic SOA formation based on comprehensive ambient measurements in the southeastern United States (US). Multiple high-time-resolution mass spectrometry organic aerosol measurements were made during different seasons at various locations, including urban and rural sites in the greater Atlanta area and Centreville in rural Alabama. Our results provide a quantitative understanding of the roles of anthropogenic SO 2 and NO x in ambient SOA formation. We show that isoprene-derived SOA is directly mediated by the abundance of sulfate, instead of the particle water content and/or particle acidity as suggested by prior laboratory studies. Anthropogenic NO x is shown to enhance nighttime SOA formation via nitrate radical oxidation of monoterpenes, resulting in the formation of condensable organic nitrates. Together, anthropogenic sulfate and NO x can mediate 43-70% of total measured organic aerosol (29-49% of submicron particulate matter, PM 1 ) in the southeastern US during summer. These measurements imply that future reduction in SO 2 and NO x emissions can considerably reduce the SOA burden in the southeastern US. Updating current modeling frameworks with these observational constraints will also lead to more accurate treatment of aerosol formation for regions with substantial anthropogenic−biogenic interactions and consequently improve air quality and climate simulations.
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fine particulate matter | biogenic secondary organic aerosol | anthropogenic emissions | sulfate | organic nitrates O rganic aerosol (OA) is an important atmospheric component that influences climate, air quality, and human health (1) . A large fraction of OA is secondary organic aerosol (SOA), which is formed through oxidation of volatile organic compounds (VOCs) emitted from human activities (anthropogenic) and vegetation (biogenic). In particular, biogenic VOCs (BVOCs), such as isoprene (C 5 H 8 ) and monoterpenes (C 10 H 16 ), are key precursors for global SOA formation owing to their larger emissions and higher reactivity with atmospheric oxidants compared with anthropogenic VOCs (1) . However, the extent to which anthropogenic pollutants mediate the formation of SOA from biogenic VOCs (referred to as biogenic SOA) in the ambient environments is poorly understood and highly uncertain. For example, while radiocarbon analysis repeatedly indicated that more than half of the carbon in SOA is of modern (biogenic) origin in the southeastern United States (SE US) (2, 3) , aircraft measurements in the same region showed that SOA correlates with anthropogenic tracers, such as CO (3) .
One possible explanation to reconcile the seemingly contradictory results from radiocarbon studies and ambient measurements is that the majority of SOA is produced from naturally emitted BVOCs, but its formation processes also involve pollutants originated from anthropogenic emissions (3, 4) . Laboratory studies have recently revealed that biogenic SOA formation can be largely affected by anthropogenic pollutants such as NO x and SO 2 (1, 5) . According to 2011 US national emission inventory (www. epa.gov/ttn/chief/net/2011inventory.html), 90% of NO x and 97% of SO 2 are anthropogenically emitted. NO x can alter SOA formation by influencing peroxy radical chemistry in BVOCs oxidation mechanisms (5) . The reaction of NO 2 with O 3 forms nitrate radicals, which can oxidize BVOCs to form condensable products that often have high SOA yields (6, 7) . The effect of SO 2 was investigated but often explained in the context of particle acidity in Significance Atmospheric secondary organic aerosol has substantial impacts on climate, air quality, and human health. However, the formation mechanisms of secondary organic aerosol remain uncertain, especially on how anthropogenic pollutants (from human activities) control aerosol formation from biogenic volatile organic compounds (emitted by vegetation) and the magnitude of anthropogenic influences. Although possible mechanisms have been proposed based on laboratories studies, a coherent understanding of anthropogenic−biogenic interactions in ambient environments has not emerged. Here, we provide direct observational evidence that secondary organic aerosol formed from biogenic isoprene and monoterpenes is greatly mediated by anthropogenic SO 2 and NO x emissions based on integrated ambient measurements and laboratory studies. laboratory studies (8) . Despite intense laboratory investigations, only a few proposed mechanisms are consistent with ambient observations (9) , and the reasons for the observed enhancement of biogenic SOA formation in certain polluted environments remain unclear (10, 11) . For instance, while some laboratory studies found that particle acidity can enhance isoprene SOA formation (8, 12) , only weak correlations have been observed in the atmosphere between tracers of isoprene SOA and particle acidity (13) (14) (15) (16) . Thus, a coherent understanding of the enhancement of biogenic SOA in polluted environments has not emerged, and these proposed mechanisms from laboratory studies have not been quantitatively established in ambient environments.
Here, we provide direct observational evidence and quantification of anthropogenically enhanced biogenic SOA formation in the Southern Oxidant and Aerosol Study (SOAS; SI Appendix, Southern Oxidant and Aerosol Study) field campaign in June and July 2013. In addition, we also conducted ambient measurements from May 2012 to February 2013 at multiple rural and urban sites in the greater Atlanta area as part of the Southeastern Center of Air Pollution and Epidemiology study (SCAPE, EPA Clean Air Center; SI Appendix). The SE US is ideal for studying anthropogenic−biogenic interactions due to high natural emissions and the proximity to anthropogenic pollution sources. Here, we investigate the sources of OA using factor analysis of high-time-resolution mass spectrometry data coupled with a suite of comprehensive and collocated measurements (SI Appendix, Instrumentation). We have also performed complementary laboratory studies to examine possible chemical mechanisms to interpret results from ambient measurements. From these integrated ambient and laboratory studies, we show that anthropogenic SO 2 and NO x emissions substantially mediate SOA formation from BVOCs such as isoprene and monoterpenes in the SE US.
OA Source Apportionment
We obtain quantitative, real-time measurements of five nonrefractory submicron particulate matter (PM 1 ) components (organics, sulfate, nitrate, ammonium, and chloride) with High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) from June 1 to July 15, 2013 (SI Appendix, Fig. S2 ) at the SouthEastern Aerosol Research and Characterization (SEARCH) network site near Centreville in rural Alabama, which served as the SOAS ground site. The measured campaign average of nonrefractory PM 1 mass is 7.5 ± 5.3 μg·m −3 (average ± 1 SD), which is similar to the campaign-average PM 2.5 mass of 7.8 ± 4.6 μg·m −3 (average ± 1 SD), considering the detection differences in particle size range and particle composition (refractory species are not detected by HR-ToF-AMS) between the two methods. We find that organics are the dominant components in PM 1 , with a mass fraction of 67%, followed by sulfate at 26%.
To determine the sources of OA measured at Centreville during SOAS, we perform multivariate factor analysis with positive matrix factorization (PMF) and identify four subtypes of OA (SI Appendix, Positive Matrix Factorization). Fig. 1 shows the unique mass spectrum and time series of each of these factors. The first two factors are oxygenated OA (OOA) with high but differing atomic oxygen-to-carbon (O:C) ratio. We refer to the OOA factor with higher O:C ratio as more-oxidized OOA ( ), which are known to be produced by levoglucosan, a tracer for biomass burning (17) and indeed correlates with the third factor (R = 0.65, Fig. 1F ) in Centreville. In addition, the third factor shows good correlation with brown carbon (R = 0.8; Fig. 1F ) (SI Appendix, Particle into Liquid Sampler), which appears to be significant in biomass combustion emissions (18) . Thus, we identify this factor as biomass burning OA (BBOA), which represents 10% of OA.
A fourth factor, characterized by tracer ions at m/z 53 (C 4 H 5 + ) and m/z 82 (C 5 H 6 O + ) in its mass spectrum, contributes 18% of OA. This same factor has been observed in several recent field studies (15, 19, 20) and has been linked to isoprene, given its mass spectral similarity to laboratory-generated isoprene SOA via the reactive uptake of epoxydiols (IEPOX), an important oxidation product of isoprene when organic peroxy radicals mainly react with hydroperoxy radicals (21) . Previous ambient measurements (15) showed that this factor correlated with 24-h integrated filter-based 2-methylerythritol and 2-methylthreitol (collectively referred to as methyltetrols), which are known isoprene SOA tracers likely formed from IEPOX uptake (8, 22) . In Centreville, we continuously measured particle-phase methyltetrols with a semivolatile thermal desorption aerosol gas chromatograph (SV-TAG) and found that the fourth factor indeed correlates with methyltetrols (R = 0.68, Fig. 1H ), which provides further evidence that this factor is related to isoprene. Additionally, isoprene is the most abundant BVOC (highest mixing ratio) during daytime in Centreville and exhibits a similar diurnal trend as the fourth OA factor (SI Appendix, Fig.  S4 ). PMF analysis of our six SCAPE datasets (SI Appendix, Southeastern Center for Air Pollution and Epidemiology, EPA Clean Air Center) also revealed a factor of similar mass spectral features (i.e., prominent signals at C 4 H 5 + and C 5 H 6 O + ) only in the warmer months, from May to September (Fig. 2 ) when isoprene emissions are strongest and methyltetrols concentrations are highest (23, 24) . Based on all of this evidence, we name the fourth factor, which is likely related to isoprene SOA formed via reactive uptake of IEPOX, as isoprene-derived organic aerosol (Isoprene-OA).
In this work, we aim at quantifying the extent of anthropogenically mediated biogenic SOA in the SE US. We focus on the discussion of Isoprene-OA and LO-OOA, as these two OA subtypes could originate from biogenic isoprene and monoterpenes, respectively, and be greatly mediated by anthropogenic emissions. We note that MO-OOA accounts for 24-49% of measured organic aerosol in the SE US ( Fig. 2) , although the source of this OA subtype is currently unclear and warrants future investigations. As MO-OOA has the highest O:C ratio among all OA factors, it likely represents highly aged organic aerosol from multiple origins (25) .
Effects of Sulfate on Isoprene-OA
A striking feature of the Centreville aerosol is a strong association (R = 0.77) between Isoprene-OA and sulfate (SO 4
2-
). This feature appears to be common throughout the SE US based on our SCAPE datasets in the greater Atlanta area (range of R between Isoprene-OA and sulfate is 0.73-0.88). For instance, in Centreville, a spike in Isoprene-OA and known isoprene oxidation products methyltetrols was observed from about noon to 1800 hours on June 26 when the site was influenced by a sulfate-rich plume (Fig. 1H) . Similarly, in Yorkville (SEARCH site in Georgia), when a dramatic decrease in sulfate concentration occurred on July 6, 2012, among the three OA factors, only the Isoprene-OA showed a corresponding decrease (SI Appendix, Fig. S5 ). These observations, and other observed similar events highlight the importance of sulfate in isoprene SOA formation in the SE US. However, how exactly and to what extent sulfate mediates isoprene SOA formation in the ambient environments remains elusive. Recent laboratory studies proposed that isoprene SOA formation from IEPOX requires particle water (H 2 O ptcl ) for IEPOX uptake, proton donors (e.g., H + or NH 4 + ) for catalyzing IEPOX ring opening, and nucleophiles (e.g., H 2 O, SO 4 2− , NO 3 − ) to facilitate further particle-phase reactions (8, 26) . A simplified mechanism of this process is shown in Fig. 3A . The highly convoluted interactions among particle water, particle acidity, and sulfate present a challenge in elucidating the roles of each of these parameters in isoprene SOA formation (Fig. 3A) . For example, the direct effect of sulfate on SOA formation (possibly through nucleophilic addition) may be misinterpreted as the effect of particle water and acidity because they are typically driven by sulfate (27) .
Another critical challenge to elucidate the effects of each parameter is the determination of particle water content ( accurately predict the measured gas-phase ammonia concentrations, providing a strong validation for our particle acidity calculation (29) . Our results show that aerosol throughout the SE US is very acidic (pH ranging between 0 and 2) and contains high particle water contents (average [H 2 O ptcl ] ranging between 5.1 and 8.4 μg·m −3 ) in the summertime (29) . In the SE US, H + is a more efficient proton donor than NH 4 + since NH 4 + is an effective catalyst only for pH > 4 (26) . Bisulfate (HSO 4 − ) could also act as a proton donor, which may provide electrostatic stabilization of partially formed intermediate (30) . Although the efficiency of bisulfate in catalyzing IEPOX ring opening is uncertain, it is expected to be lower than H + under the low-pH condition in the SE US. Regarding nucleophiles, SO 4 2− is the most important because of its high particle concentration and stronger nucleophilic strength (31) ]) (SI Appendix, Multivariate Linear Regression) on isoprene SOA formation (i.e., Isoprene-OA factor). Importantly, we find that SO 4 2− has a statistically significant (P < 0.0001) positive linear relationship with Isoprene-OA factor with a regression coefficient of 0.42 (SI Appendix, Table S2 ). These results suggest that a 1 μg·m −3 increase in SO 4 2− will (on average) increase Isoprene-OA by an estimated 0.42 μg·m −3 , when holding the other covariates constant. In contrast, the estimated effects of H 2 O ptcl and H + are not statistically significant, suggesting that particle water and acidity are not the limiting parameters in isoprene SOA formation.
To 4 2− ], indicating that sulfate could greatly mediate isoprene OA formation directly through its abundance. We perform the same analysis on our SCAPE datasets where Isoprene-OA factor is identified (SI Appendix, Fig. S6 ) and arrive at the same conclusion that Isoprene-OA formation over broad regions of the SE US is directly controlled by the abundance of sulfate.
One possible explanation for the remarkable control of isoprene SOA by sulfate might be the concerted nucleophilic addition to the IEPOX ring. Both experimental and computational studies (31, 32) have revealed that this step is the rate-determining step in OA formation from IEPOX. Thus, an increase in [SO 4 2− ] may effectively facilitate the ring-opening reaction of IEPOX and subsequent OA formation, especially the formation of organosulfates (8) , which have been detected previously in the SE US (33) and could hydrolyze to form methyltetrols (34) (Fig. 3A) . To a less extent than sulfate, water could also react with IEPOX by acting as a nucleophile, which forms methyltetrols (8) . Sulfate may also affect Isoprene-OA formation through salting-in effect. Saltingin refers to the effect that increasing salt concentration in aqueous solution would increase the solubility of polar organic compounds. For example, Kampf et al. (35) found that the effective Henry's law coefficient of glyoxal increases exponentially with SO 4 2− (aq) until glyoxal uptake is kinetically limited. Considering that IEPOX is also highly water soluble as glyoxal, sulfate may also cause salting-in effect on IEPOX. Once IEPOX is in the particle phase, further reactions such as ring opening and subsequent nucleophilic attack by sulfate prevent the reversible partitioning of IEPOX back to the gas phase. However, no systematic study about the salting-in effect of IEPOX uptake is currently available, and this warrants further study.
Our finding that particle acidity does not influence isoprene SOA formation in the SE US is striking and contrasts with several previous laboratory and modeling studies, which suggested the importance of particle acidity in isoprene SOA formation (8, 36) . The weak correlation between IEPOX-derived SOA tracers and particle acidity has been observed in prior field measurements, but the explanations are rather inconclusive (13, 14) . For example, Lin et al. (14) attributed the weak correlation as SOA not being formed locally and concluded that the particle acidity could change as the aerosol is advected to the sampling site from other regions. However, isoprene OA measured in Centreville, or the SE US in general, is expected to be formed locally (SI Appendix, Backtrajectory Analysis and Fig. S10 ) owing to regionally abundant isoprene emissions in summertime (36) and the short lifetime of isoprene (∼1.4 h at 25°C assuming [OH] ≈ 2*10 6 molecules per cubic centimeter of air), consistent with our observations of similar processes at different sites. Here, we hypothesize that the weak influence of particle acidity on isoprene OA is a result of consistently high particle acidity in the SE US (29) . A recent chamber study (26) showed that the reactive partitioning coefficient of IEPOX increases by only 1.5 times as H + (aq) increases by many orders of magnitude (in the pH range relevant to our study). Our ambient measurements show that the particle pH throughout the SE US is very low (ranging between 0 and 2; the average value is 0.94 ± 0.59 for Centreville) (29) , which means that isoprene OA formation is insensitive to H + in the SE US. Moreover, as the isoprene OA formation is limited by nucleophiles instead of catalyst activity (31, 32), increasing particle acidity (within pH range 0-2) may not facilitate the isoprene OA formation rate, and hence the association between H + (aq) and [Isoprene-OA] is not significant. Therefore, although our analysis does not discount the important role of particle acidity in isoprene OA formation via IEPOX uptake, it suggests that particle acidity is not the limiting parameter given the acidic nature of aerosol in the SE US.
The weak influence of particle water on isoprene OA formation, which is surprising, could be a result of the competition between particle water abundance and dilution of ions at high relative humidity typically found in these regions. Increasing particle water content would provide more medium for gas-phase water-soluble species to dissolve and potentially increase SOA (37); increasing water, however, reduces SO 4 2− (aq) (moles per liter of H 2 O) by diluting the particle concentration of sulfate. This dilution could not only reduce the reaction rate due to lower nucleophile concentration but also suppress IEPOX uptake due to weakening ionic strength and salting-in effect. Thus, increasing water could potentially decrease SOA. In Centreville, [H 2 O ptcl ] reached a daily minimum at about 1600 local time when SO 4
2− (aq)
is highest and isoprene is near its maximum (SI Appendix, Figs. S4 and S7), indicating that the two opposing effects of particle water are competing with each other when IEPOX is abundant. As particle water content correlates with sulfate, we perform additional multivariate linear regression by considering water uptake by organics only (Org-H 2 O), which is not related to sulfate and contributes about 36% of total particle water (29) , to deconvolute the interaction between sulfate and particle water on isoprene OA formation. In contrast to total particle water, which is not significantly associated with Isoprene-OA, Org-H 2 O shows a significantly positive relationship with Isoprene-OA (P = 0.002, SI Appendix, Table S2 ). Even though significant, Org-H 2 O still does not have a dominant effect on isoprene OA formation as its β-coefficient is 80 times smaller than that of sulfate. Further, the contrasting regression results between total particle water vs. Org-H 2 O indicate that increasing [H 2 O ptcl ] under low particle water levels (i.e., Org-H 2 O) would enhance Isoprene-OA formation. However, under high particle water levels (i.e., total particle water), which is typical in the SE US, particle water is not a limiting parameter for Isoprene-OA formation.
Effects of NO x on LO-OOA Similar to the spatial uniformity of the association between Isoprene-OA and sulfate during summer, LO-OOA factor shows consistently similar diurnal patterns (SI Appendix, Fig. S8 ) in Centreville and SCAPE datasets at various rural and urban sites, but in this case, LO-OOA factor is observed throughout the year (Fig. 2) . To determine whether LO-OOA is locally produced or from long-range transport, we focus on Centreville, where auxiliary data are available. Measurements in Centreville are split into four subsets based on 72-h back trajectories of air mass geographical origins relative to the location of measurement site: northwest, northeast, southwest, and southeast (SI Appendix, Backtrajectory Analysis and Figs. S9 and S10). The diurnal patterns of LO-OOA are similar regardless of the origin of the air masses. Combined with similar diurnal patterns at multiple sites, this suggests that the source of LO-OOA is local. As seen in Fig. 1I , the LO-OOA concentration shows a diurnal maximum at night and a minimum at around 1700 hours. From 1700 hours to sunrise, the LO-OOA concentration increases by nearly four times. This increase still exists after the LO-OOA concentration is adjusted by the boundary layer height, indicating that the nighttime increase in LO-OOA is likely caused by nighttime aerosol production instead of the nocturnal boundary layer becoming shallow.
Since the NO 3 • radical (a product of NO 2 and ozone reaction) is a well-known nocturnal oxidant, we hypothesize that NO 3
• oxidation of BVOCs contributes to the nighttime increase in LO-OOA. Laboratory studies have revealed that organic nitrates make up a substantial fraction of the SOA from BVOC+NO 3 • (6, 7). To examine the role of organic nitrates in LO-OOA formation, we calculate the mass concentration of the nitrate functional groups in organic compounds (NO 3,org − ) from the difference between HR-ToF-AMS measurements (NO 3 − from both organic and inorganic species) and PILS-IC measurements (NO 3 − from inorganic nitrate only) (SI Appendix, Organic Nitrate Estimation). We find a good correlation (R = 0.81) between LO-OOA and NO 3,org − , which supports that LO-OOA is most likely related to nighttime NO 3 • chemistry. Further, we calculate that organic nitrates contribute 40-60% of LO-OOA in early morning based on the concentration of nitrate functional groups and the assumption that the average molecular weight of organic nitrates ranges from 200 g·mol −1 to 300 g·mol −1 (9) (SI Appendix, Fig. S11 ).
To quantitatively constrain the contribution of NO 3 • chemistry to LO-OOA, we estimate aerosol formation from isoprene, α-pinene, and β-pinene, which are the most abundant biogenic SOA precursors measured in Centreville, via various oxidation pathways. We estimate [NO 3 • ] to be about 7.6 × 10 −2 parts per trillion (SI Appendix, [NO 3
• ] Estimation) with a corresponding lifetime of 8 s. We further calculate that NO 3 • chemistry at night accounts for 17%, 20%, and 38% of the reacted isoprene, α-pinene, and β-pinene, respectively (SI Appendix, Table S4 ). The contribution of each BVOC and reaction pathway to total nighttime SOA formation would depend on their respective SOA yields at mass loadings relevant to Centreville (i.e., ∼8 μg·m −3 ), which are available in the literature (SI Appendix, Table S5 ), except for β-pinene+NO 3 • . To this end, we performed comprehensive laboratory chamber studies to investigate SOA formation from β-pinene+NO 3 • under conditions relevant to Centreville and SE US (SI Appendix, Laboratory Chamber Experiments). The SOA yield is found to be 50%, which is ∼17 times higher than β-pinene SOA yields from ozonolysis and photooxidation for a mass loading of ∼8 μg·m −3 . This implies that β-pinene could still form aerosol in the absence of NO 3 • , although the amount of aerosol formed would be substantially smaller. Based on our β-pinene SOA yields, and yields for other BVOCs via various oxidation pathways from prior chamber studies, we calculate that 0.7 μg·m −3 of SOA would be produced, which agrees within a factor of three with the measured nighttime LO-OOA production (1.7 μg·m −3 from 1700 hours to sunrise).
According to model estimation, 64% of total nighttime OA production arises from the NO 3 • oxidation pathway (SI Appendix, Table S5 and Fig. S12 ), which is consistent with the estimated contribution of organic nitrates to LO-OOA. For the amount of OA produced from NO 3 • oxidation pathway, 80% originates from monoterpenes, which is much greater than the contribution from isoprene (20%) as suggested by our model. Taken together, monoterpenes+NO 3 • chemistry accounts for 50% of total nighttime OA production. The large contribution is likely due to the large abundance of monoterpenes at night, which exhibit the same diurnal pattern as LO-OOA (SI Appendix, Fig. S4 ), as well as the high SOA yield from β-pinene+NO 3 • as revealed by our chamber studies. Additionally, the presence of LO-OOA throughout the year in the greater Atlanta area (Fig. 2) is in agreement with the fact that monoterpene emissions exist in all seasons in the SE US (24) . Therefore, we conclude from our integrated ambient observations and laboratory studies that nighttime monoterpenes+ NO 3 • chemistry contributes substantially to LO-OOA. Our results highlight the important role of BVOC composition in evaluating their contribution to ambient OA via NO 3 • oxidation. A recent study (9) ], thus inhibiting the further oxidation of their first-generation products and subsequent aerosol formation. Nevertheless, our study shows that BVOCs+NO 3
• can still be an important pathway for OA production in the SE US. In contrast to limonene, BVOCs like β-pinene, whose first-generation oxidation products are condensable (6) , could lead to substantial nighttime aerosol production.
Implications
We provide direct evidence from ambient measurements to show that anthropogenic pollution can greatly mediate SOA formation from biogenic VOCs under current conditions in the SE US. Being strongly influenced by the NO 3 • radical and sulfate, LO-OOA (mainly from monoterpenes oxidation by NO 3
• ) and Isoprene-OA (isoprene SOA formed via reactive uptake of IEPOX in the presence of hydrated sulfate) account for 19-34% and 18-36% (May−September only) of OA, respectively, in Centreville and the greater Atlanta area (Fig. 2) . In the SE US, the majority of sulfate (photochemical reactions of SO 2 ) and NO 3 • radical (a product of NO 2 and ozone reaction) is of anthropogenic origin (38) . Using measurement at Centreville (SEARCH site) from 2006 to 2010, we find that the correlation between organic carbon (OC) and sulfate (hourly average data) is substantially better in summer (June−August) than winter (December−February) (SI Appendix, Fig. S13 ). As isoprene emission is higher in warmer months, our proposed interaction between sulfate and Isoprene-OA provides a possible explanation for the seasonal variation in the correlation between OC and sulfate, although we cannot rule out other possibilities. In addition, over the past 15 years, the OC at rural SEARCH sites in the SE US declined by about 38% as calculated from the trends shown in Hidy et al. (39) . During the same period, the emission of SO 2 and NO x has also decreased by about 65% and 52%, respectively (39) , suggesting that our proposed mechanism about anthropogenic emissions mediating biogenic SOA formation contributes in a potentially significant way to the decrease in OC. As SO 2 and NO x emissions continue to fall, other biogenic SOA formation pathways (e.g., isoprene SOA formation in the absence of sulfate and monoterpenes SOA from ozonolysis and photooxidation) may become more important, although these pathways have relatively lower SOA yields compared with the mechanisms discussed in this study (8) . The decreasing SO 2 and NO x emissions may not only reduce the biogenic SOA burden but also have impacts on climate and health. For example, while SOA from IEPOX uptake in the presence of sulfate (i.e., Isoprene-OA factor) is found to have the highest hygroscopicity (tendency to absorb water vapor) of all OA components (28) , biogenic SOA formed under lower sulfate and NO x environments could have substantially different properties than those formed in polluted environments and warrants further studies.
Although isoprene OA formation via IEPOX uptake has been reported in several field campaigns, our study performs detailed analyses of particle water, particle acidity, and sulfate, and then provides comprehensive assessment to deconvolute their individual effects on isoprene OA formation in the atmosphere (28, 29) . Our observation in Centreville and the greater Atlanta area shows that it is sulfate, instead of particle water and acidity, that controls isoprene OA formation in the SE US during summer, although the exact mechanisms of this direct sulfate effect need further investigation. The influence of these parameters can vary regionally and globally. Therefore, SOA models need to carefully consider the fate of IEPOX and the complexity of isoprene OA formation under various atmospheric conditions. Moreover, our results reveal that the direct effect of sulfate may complicate the role of particle water in the partitioning of water-soluble organics. Finally, these findings emphasize the importance of careful calculations of both particle water content and particle acidity when investigating these SOA formation processes.
